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Abstract
We have recently identified a positive feedback loop in which c-MYC increases silent information regulator 1 (SIRT1) pro-
tein level and activity through transcriptional activation of nicotinamide phosphoribosyltransferase (NAMPT) and NAD+ 
increase. Here, we determined the relevance of the c-MYC–NAMPT–SIRT1 feedback loop, including the SIRT1 inhibitor 
deleted in breast cancer 1 (DBC1), for the development of conventional and serrated colorectal adenomas. Immunohisto-
chemical analyses of 104 conventional adenomas with low- and high-grade dysplasia and of 157 serrated lesions revealed 
that elevated expression of c-MYC, NAMPT, and SIRT1 characterized all conventional and serrated adenomas, whereas 
DBC1 was not differentially regulated. Analyzing publicly available pharmacogenomic databases from 43 colorectal can-
cer cell lines demonstrated that responsiveness towards a NAMPT inhibitor was significantly associated with alterations in 
PTEN and TGFBR2, while features such as BRAF or RNF43 alterations, or microsatellite instability typical for serrated route 
colorectal cancer, showed increased sensitivities for inhibition of NAMPT and SIRT1. Our findings suggest an activation 
of the c-MYC–NAMPT–SIRT1 feedback loop that may crucially contribute to initiation and development of both routes to 
colorectal cancer. Targeting of NAMPT or SIRT1 may represent novel therapeutic strategies with putative higher sensitivity 
of the serrated route colorectal cancer subtype.
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Introduction

Deregulation of the Wnt/ß-catenin signaling pathway leads 
to the development of sporadic colorectal carcinomas, that 
evolve via the classical adenoma–carcinoma sequence [1]. A 
crucial downstream transcriptional target of Wnt/ß-catenin 
signaling is the c-MYC proto-oncogene. By transcriptional 
induction or repression of target genes, c-MYC regulates 
cell cycle progression, cell growth, DNA replication, cel-
lular metabolism, differentiation, and apoptosis and medi-
ates many hallmark characteristics of cancer cells, reviewed 
in [2]. We and others have previously identified a posi-
tive feedback loop connecting c-MYC and n-MYC to the 
NAD+-dependent protein deacetylase SIRT1 (silent informa-
tion regulator 1), reviewed in [3]. c-MYC requires the func-
tion of nicotinamide phosphoribosyltransferase (NAMPT), 
that leads to increased NAD+ to mediate SIRT1 activa-
tion [4]. SIRT1 regulates processes such as stress resist-
ance, chromatin modification, proliferation, and cellular 
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metabolism. Furthermore, SIRT1 negatively regulates p53 
and other pro-apoptotic factors, and thereby antagonizes cel-
lular senescence and inhibits apoptosis. We and others have 
shown that SIRT1 increases c-MYC activity, and is required 
for survival of cancer cells and cancer stem cells.

SIRT1 is highly expressed in colorectal tumors [5], and 
SIRT1 was shown to contribute to intestinal tumorigensis in 
mice [6]. We have demonstrated that elevated SIRT1 levels 
are associated with high c-MYC expression [4]. Addition-
ally, we have shown that high SIRT1 and c-MYC levels are 
associated with oncogenic BRAF and KRAS, and also with 
activated Wnt signaling in serrated tumors of the colon [7]. 
With higher grades of malignancy and invasiveness, the 
expression of c-MYC and SIRT1 consistently increases, 
implicating a so far unrecognized role of c-MYC–SIRT1 
feedback loop in the tumorigenesis of the serrated route to 
colorectal cancer (CRC) [7].

In recent years, the serrated route has emerged as an alter-
native route in the development of CRC comprising lesions 
with “saw-tooth” crypt morphology like hyperplastic polyps, 
sessile-serrated adenoma, traditional-serrated adenoma, and 
invasive-serrated adenocarcinomas. Initiating events in the 
formation of serrated lesions are mutations of BRAF, and 
less often KRAS, whereas activation of the Wnt/ß-catenin 
pathway is rare. Tumors exhibiting BRAF mutations are 
preferentially detected in the right colon and frequently 
exhibit DNA hypermethylation and microsatellite instabil-
ity (MSI). In contrast, lesions with KRAS mutation are more 
often located in the left colon and are associated with micro-
satellite stability (MSS) or low MSI. Furthermore, there is a 
third group of serrated lesions which do not show any known 
aberrant oncogene activation (reviewed in [8]).

W e  s t u d i e d  t h e  r e l e v a n c e  o f  t h e 
c-MYC–NAMPT–SIRT1–DBC1 feedback loop for the 
development of early conventional adenomas and serrated 
lesions. Our results demonstrate a putative activation of the 
c-MYC, NAMPT, and SIRT1 feedback loop in early colo-
rectal carcinogenesis. As therapeutic targeting of NAMPT 
and SIRT1 demonstrated efficacy in different tumor types in 
pre-clinical studies (reviewed in [9, 10]), we took advantage 
of resources for comprehensively associating drug sensitivi-
ties with molecular alterations of cancer cell lines (large 
databases are now available from the Broad-Novartis Cancer 
Cell Line Encyclopedia (CCLE) [11] and from the Genom-
ics of Drug Sensitivity in Cancer (GDSC) project [12, 13]). 
Analyzing these pharmacogenomic databases, we show 
that interference with the c-MYC–NAMPT–SIRT1 posi-
tive feedback loop represents a novel therapeutic strategy, 
especially for serrated route CRC. While inactivating genetic 
alterations in PTEN and TGFBR2 were significantly associ-
ated with sensitivity towards NAMPT inhibition, increased 
resistance to SIRT1 inhibition was linked with mutant and/
or deleted APC, FBXW7, and SMAD4. Cell lines harboring 

genetic alterations typical for serrated route CRC such as 
altered RNF43, mutant BRAF, and MSI had a higher respon-
siveness to both drugs. The identified associations represent 
new stratification criteria for putatively responsive tumors 
for future clinical trials.

Materials and methods

Specimens

Formalin-fixed paraffin-embedded (FFPE) patient tissue was 
obtained from the archives of the Department of Pathology, 
Ludwig-Maximilians University, Munich. Altogether, 104 
classical colorectal adenomas, and 157 serrated lesions were 
analyzed. Classical adenomas were assessed applying the 
criteria of the World Health Organization (WHO) [14]. All 
serrated samples probes were categorized by two independ-
ent pathologists (T.K. and L.B.) using the parameters estab-
lished by Torlakovic et al. [15]. Our study comprised tubular 
adenomas with low- and high-grade dysplasia, tubulovillous 
adenomas with low and high-grade dysplasia, villous adeno-
mas with low and high-grade dysplasia, hyperplastic polyps, 
sessile-serrated adenomas without intraepithelial neoplasia, 
sessile-serrated adenomas with low and high-grade intraep-
ithelial neoplasia, and traditional-serrated adenomas with 
low and high-grade intraepithelial neoplasia (Tables 1, 2, 
and 3).

Immunohistochemistry

Immunohistochemical (IHC) staining was done on 3 µm 
consecutive tissue sections of FFPE tumor samples applying 
standard IHC protocols (for details see Online Resource 1). 
All primary antibody incubations were conducted at room 
temperature for one hour. Hematoxylin (Vector Laborato-
ries, Cat. No. H-3401) was applied as counterstaining for 
all slides. System controls without primary antibodies as 
well as immunoglobulin isotype control antibodies were 
used to approve staining specificity. In addition, to confirm 
SIRT1 and NAMPT antibody specificity, HCT116 colorec-
tal cancer cells were subjected to siRNA-mediated knock-
down of SIRT1 or NAMPT transcripts. Seventy-two hours 
post-transfection cells were scrapped, embedded in agarose, 
formalin fixed, dehydrated, and paraffin embedded. SIRT1 
and NAMPT IHC staining of knockdown cells was negative 
compared to cells transfected with scrambled siRNA thus 
demonstrating specific staining of the antibodies.

c-MYC expression was evaluated regarding the number 
of nuclear positive cells and scored as 0 for 0% positive 
cells, 1–30% positive cells as score 1, 31–60% positive cells 
as score 2, and 61–100% positive cells as score 3. SIRT1 
and DBC expression were evaluated regarding their nuclear 
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positivity and NAMPT expression regarding its cytoplasmic 
and/or nuclear positivity.

Analyses of KRAS‑/BRAF mutations

KRAS exon 2 codon 12/13 mutational status was determined 
for all microdissected serrated lesions and classical adeno-
mas, and BRAF(V600E) exon 15 mutations were addition-
ally assessed for all serrated lesions as described recently 
[7].

Statistical analysis

Cross tabulations were calculated using Fisher’s exact test. 
Statistics were calculated using SPSS version 25.0 (SPSS 
Inc.). p-values < 0.05 were considered as statistically 
significant.

Data acquisition and availability

Datasets of CRC cell line mutation, copy number alteration, 
and mRNA expression were obtained from the cancer cell 
line encyclopedia (CCLE) database. The datasets analyzed 
during the current study are available at https​://data.broad​
insti​tute.org/ccle/CCLE_RNAse​q_08111​7.rpkm.gct and 
for copy number alteration (cna) file:https​://data.broad​insti​
tute.org/ccle_legac​y_data/dna_copy_numbe​r/CCLE_copyn​
umber​_byGen​e_2013-12-03.txt.

For cna, we inversed the normalized log2 ratios ( 2CN × 2 ) 
to obtain values directly corresponding to the copy num-
ber N (2 = 2N, 4 = 4N, 1 = 1N). We set the threshold for 
copy number gain (amplification) to 2.5, for copy number 
loss (deletion) to 1.5. Information on the mutation status 
is available for fifty CRC cell lines (Online Resource 2 for 
detailed information on positions of amino acid changes), 
and cna and gene expression data were obtained from 43 
CRC cell lines (Online Resource 3). We selected the most 
frequently mutated genes in colorectal cancer [16], comple-
mented for frequently mutated pathway-related genes and 

the gene RNF43, which is commonly mutated in serrated 
route CRC [17]. For our analyses, we selected only those 
genes mutated in over 5% of CRC patients according to the 
Cancer Genome Atlas Network study [16], resulting in a list 
of 26 recurrently somatically mutated genes. To determine 
the gene status, we combined mutation and copy number 
alteration data. The selected genes were grouped in either 
oncogene (BRAF, CTNNB1, ERBB2, ERBB3, KRAS, NRAS, 
PIK3CA, SLC9A9) or tumor suppressor gene (ACVR2A, 
AMER1, APC, ARID1A, ATM, AXIN2, CDKN2A, FBXW7, 
MSH3, MSH6, PTEN, RNF43, SMAD2, SMAD4, SOX9, 
TCF7L2, TGFBR2, TP53) according to the Cancer Genome 
Atlas Network [16], Slattery et al. [18] and Ueda et al. for 
classification of SLC9A9 [19]. Information on MSI status 
and CpG island methylator phenotype (CIMP) phenotype 
of the cell lines was obtained from the following sources: 
[20, 21] and Cosmic (http://cance​r.sange​r.ac.uk/cell_lines​). 
For a complete overview of the mutational and copy number 
alteration status of the 26 genes, MSI and CIMP, see also 
Online Resource 3. IC-50 values for FK866 and EX527 of 
CRC cell lines were downloaded from Genomics of Drug 
Sensitivity in Cancer (GDSC) (release 6.1 March 2017), 
selecting “COREAD” cancer type: FK866: http://www.
cance​rrxge​ne.org/trans​latio​n/Drug/1248, EX527: http://
www.cance​rrxge​ne.org/trans​latio​n/Drug/341. For further 
details concerning the drug screening procedure, visit http://
www.cance​rrxge​ne.org/help#t_curve​. Processing datasets 
and statistical analyses were performed in R version 3.4.1, 
visualizations were done with GraphPad Prism 5 software.

Results

Classification, clinical data, and KRAS mutational 
status of classical colorectal adenomas

The final case compilation of classical colorectal adeno-
mas comprised 104 lesions. Mutant KRAS was present in 
35/104 (34%) cases. KRAS mutations were rare in tubular 

Table 1   Distribution of location of conventional adenomas, KRAS mutations, and age of patients

LGIEN low-grade intraepithelial neoplasia, HGIEN high-grade intraepithelial neoplasia, n.a. not applicable

Histology Number of 
cases (n)

Right sided Left sided Location n.a. KRAS mutation (n) Average 
age (year)

Age range (year)

Tubular adenoma LGIEN 28 15/28 (54%) 11/28 (39%) 2/28 (7%) 2/28 (7%) 66 33–82
Tubular adenoma HGIEN 10 4/10 (40%) 6/10 (60%) – 2/10 (20%) 71 43–92
Tubulovillous adenoma LGIEN 23 10/23 (43%) 11/23 (48%) 2/23 (9%) 9/23 (39%) 65 46–83
Tubulovillous adenoma HGIEN 20 6/20 (30%) 13/20 (65%) 1/20 (5%) 9/20 (45%) 69 50–92
Villous adenoma LGIEN 14 3/14 (21%) 11/14 (79%) – 7/14 (50%) 65 53–83
Villous adenoma HGIEN 9 0/9 (0%) 9/9 (100%) – 6/9 (67%) 71 59–90
All adenomas 104 38/104 (37%) 61/104 (59%) 5/104 (4%) 35/104 (34%) 71 33–92

https://data.broadinstitute.org/ccle/CCLE_RNAseq_081117.rpkm.gct
https://data.broadinstitute.org/ccle/CCLE_RNAseq_081117.rpkm.gct
https://data.broadinstitute.org/ccle_legacy_data/dna_copy_number/CCLE_copynumber_byGene_2013-12-03.txt
https://data.broadinstitute.org/ccle_legacy_data/dna_copy_number/CCLE_copynumber_byGene_2013-12-03.txt
https://data.broadinstitute.org/ccle_legacy_data/dna_copy_number/CCLE_copynumber_byGene_2013-12-03.txt
http://cancer.sanger.ac.uk/cell_lines
http://www.cancerrxgene.org/translation/Drug/1248
http://www.cancerrxgene.org/translation/Drug/1248
http://www.cancerrxgene.org/translation/Drug/341
http://www.cancerrxgene.org/translation/Drug/341
http://www.cancerrxgene.org/help#t_curve
http://www.cancerrxgene.org/help#t_curve
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adenomas with low and high-grade dysplasia (2/28 (7%) and 
2/10 (20%)), more frequent in tubulovillous adenomas with 
low and high-grade dysplasia (9/23 (39%), and 9/20 (45%)), 
respectively, and most prevalent in villous adenomas with 
low and high-grade dysplasia (7/14 (50%) and 6/9 (67%)). 
The correlation of the type of adenoma with the KRAS 
mutational status was statistically significant (p = 0.004) 
and in accordance with the literature [22]. Table 1 summa-
rizes location, age, and KRAS mutational status of patients’ 
tumors.

Classification, clinical data, and KRAS and BRAF 
mutational status of serrated lesions

The final collection included 157 serrated lesions. Of these, 
100/157 (64%) cases revealed a mutation in BRAF, and 
24/157 (15%) cases a KRAS mutation. BRAF and KRAS 
mutations were mutually exclusive. 33/157 (21%) cases 
had neither a BRAF nor a KRAS mutation. Table 2 gives a 
summary of the type of lesion, KRAS and BRAF mutational 
status, location, and age of patients.

Sessile-serrated lesions with and without intraepithelial 
neoplasia were detected in the colon (44%  (40/90) right 
sided vs. 46% (41/90) left sided) with frequent BRAF muta-
tion (71%  (64/90) BRAF vs. 1.1% (1/90) KRAS mutation). 
Traditional-serrated adenomas with low- and high-grade 
intraepithelial neoplasia occurred preferentially in the distal 
colon (30% (12/40) right sided vs. 55% (22/40) left sided) 
and showed more often KRAS mutations than sessile-ser-
rated adenomas (45% (18/40) vs. 1.1% (1/90) KRAS muta-
tion). Thus, our collection was representative of the previ-
ously observed distributions and frequencies [8].

NAMPT and DBC1 are expressed in epithelial cells 
of normal colon mucosa

In normal colorectal mucosa, we previously found c-MYC 
and SIRT1 expression restricted to the proliferative zone of 
the crypts [7]. To complement this observation for NAMPT 
and DBC1, we now also assessed the expression of these 
proteins in normal colorectal mucosa by immunohistochem-
istry. Unexpectedly, cytoplasmic and nuclear NAMPT were 
expressed in epithelial cells throughout the crypts from the 
proliferative zone to the upper parts, pointing to a physi-
ological function of NAMPT in intestinal epithelial cells 
(Fig. 1a, b). Likewise, DBC1 was expressed in nuclei of all 
epithelial cells.
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c‑MYC, NAMPT, SIRT1, and DBC1 are highly 
expressed in all types of classical colorectal 
adenomas

To determine c-MYC, NAMPT, SIRT1, and DBC1 expres-
sion levels in classical colorectal adenomas, we performed 
IHC staining of these proteins in tubular adenomas with 
low-grade intraepithelial neoplasia (representative example 
shown in Fig. 2a–d), and tubular adenomas with high-grade 
intraepithelial neoplasia (Fig. 3a–d). In general, the proteins 
were highly expressed in all adenoma subtypes.

In classical colorectal adenomas, nuclear positivity 
of c-MYC ranged from 5% (score 1) to 90% (score 3) in 
individual cases. In tubular adenomas with low-grade 
intraepithelial neoplasia, low to intermediate (score 1 and 
score 2) c-MYC expression was detected in 86% (24/28) 
of cases, while 14% (4/28) expressed high c-MYC levels 

(score 3) (Table 3). Apical areas of low-grade adenomas 
exhibited higher expression of c-MYC than basal regions 
(Fig. 2a). NAMPT was expressed mainly in the cytoplasm 
of basal areas (Fig. 2b, high-magnification inset 1) and in 
the nucleus in apical regions (Fig. 2b, high-magnification 
inset 2) of tubular adenomas with low-grade intraepithe-
lial neoplasia. Almost all dysplastic cells expressed SIRT1 
(Fig. 2c) and DBC1 (Fig. 2d).

In tubular adenomas with high-grade intraepithelial 
neoplasia, all of 10 cases displayed high c-MYC expres-
sion (Fig. 3a) (score 2 and score 3). NAMPT, SIRT1, 
and DBC1 expression was detected in all dysplastic 
cells (Fig. 3b, c, d), with NAMPT being predominantly 
expressed in the nucleus (Fig. 3b).

Quantification of c-MYC expression in all classical 
adenomas (low and high-grade, Figs. 2a, 3a, 104 cases) 
revealed a staining score 1 in 21% (22/104), score 2 in 

Table 3   Correlation of c-MYC protein expression to KRAS mutational status in conventional colorectal adenomas

The table gives the total number and percentage of classical adenoma cases with the respective c-MYC IHC score and KRAS mutational status
LGIEN low-grade intraepithelial neoplasia, HGIEN high-grade intraepithelial neoplasia

Histology c-MYC score 1 c-MYC score 2 c-MYC score 3 Total KRAS mut. cases

Total KRAS mut. Total KRAS mut. Total KRAS mut.

Tubular adenoma
 LGIEN n = 28 8/28 (29%) 1/28 (3.5%) 16/28 (57%) 1/28 (3.5%) 4/28 (14%) 0/28 (0%) 2/28 (7%)
 HGIEN n = 10 0/10 (0%) 0/10 (0%) 2/10 (20%) 1/10 (10%) 8/10 (80%) 1/10 (10%) 2/10 (20%)

Tubulovillous adenoma
 LGIEN n = 23 9/23 (39%) 5/23 (22%) 8/23 (35%) 2/23 (9%) 6/23 (26%) 2/23 (9%) 9/23 (40%)
 HGIEN n = 20 3/20 (15%) 1/20 (5%) 0/20 (0%) 0/20 (0%) 17/20 (85%) 8/20 (40%) 9/20 (45%)

Villous adenoma
 LGIEN n = 14 1/14 (7%) 1/14 (7%) 6/14 (43%) 4/14 (29%) 7/14 (50%) 2/14 (14%) 7/14 (50%)
 HGIEN n = 9 1/9 (11%) 0/9 (0%) 2/9 (22%) 2/9 (22%) 6/9 (67%) 4/9 (44%) 6/9 (66%)

All adenomas
 n = 104 22/104 (21%) 8/104 (8%) 34/104 (33%) 10/104 (10%) 48/104 (46%) 17/104 (16%) 35/104 (34%)

Fig. 1   NAMPT and DBC1 are expressed throughout the entire crypt in normal colorectal mucosa. Immunohistochemical staining of NAMPT 
(a) and DBC1 (b) in normal colorectal mucosa. Original magnification: × 100, inset × 600
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33% (34/104), and 46% (48/104) were classified score 3. 
Table 3 and Online Resource 4 provide the quantifica-
tion of scoring c-MYC expression in all classical colo-
rectal adenomas, including the KRAS mutation status. 
Within the group of tubular and tubulovillous adeno-
mas, the expression of c-MYC was lower in lesions with 
low-grade intraepithelial neoplasia (tubular: 14% (4/28) 
of cases score 3, and tubulovillous: 26% (6/23) of cases 
score 3), than in lesions with high-grade intraepithelial 
neoplasia (tubular: 80% (8/10) cases score 3, tubulovil-
lous 85% (17/20) score 3). In villous adenomas, a similar 
but less pronounced difference for c-MYC expression was 
observed (low-grade intraepithelial neoplasia: 50% (7/14) 
of cases score 3, high-grade intraepithelial neoplasia 67% 
(6/9) of cases score 3). Thus, c-MYC expression signifi-
cantly correlated (p = 0.00004) with the grade of differ-
entiation and malignant potential of the adenomas. How-
ever, we found no statistical correlation between c-MYC 
expression and KRAS mutational status (p = 0.73) (Online 
Resource 4, Table 3).

Expression of NAMPT and DBC1 in low 
and high‑grade areas of serrated lesions

We have previously shown that c-MYC and SIRT1 are 
moderately to highly expressed in sessile-serrated colo-
rectal adenomas with low-grade intraepithelial neoplasia, 
whereas most lesions with high-grade intraepithelial neopla-
sia exhibit high c-MYC and SIRT1 levels [7]. Since NAMPT 
is a positive regulator of SIRT1 activity, and DBC1 inhibits 
SIRT1 [23], we also assessed the expression of NAMPT and 
DBC1 in these sessile-serrated lesions. In sessile-serrated 
adenomas without intraepithelial neoplasia, NAMPT and 
DBC1 were expressed in all sections of the crypts, from the 
proliferative zone to the upper parts (Fig. 4a, b). In sessile-
serrated adenomas with low-grade intraepithelial neoplasia 
(Fig. 4c, d), as well as in sessile-serrated adenomas with 
high-grade intraepithelial neoplasia (Fig. 4e, f), NAMPT and 
DBC1 were expressed in almost all dysplastic cells. Taken 
together, the correlated c-MYC, NAMPT, SIRT1, and DBC1 
expression indicated that the positive feedback loop that was 
shown to connect the four proteins may be active in early 
colorectal adenomas, as well as in sessile-serrated lesions. 

Fig. 2   c-MYC, NAMPT, SIRT1, and DBC1 are expressed in tubular 
adenomas with low-grade intraepithelial neoplasia. Immunohisto-
chemical staining of c-MYC (a), NAMPT (b), SIRT1 (c), and DBC1 

(d) in tubular adenomas with low-grade intraepithelial neoplasia. 
Original magnification: × 250, inset × 600
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The upstream activation of c-MYC may be conferred by 
constitutive Wnt signaling, or oncogenic BRAF/K-Ras, 
respectively.

Genetic signatures associated with responses 
to NAMPT and SIRT1 inhibition using 
pharmacogenomic database analyses of CRC cell 
lines

Exploring the database of cancer cell lines CCLE, and the 
large pharmacological anti-cancer drug library GDSC, we 
addressed whether responsiveness of CRC cell lines to either 
NAMPT or SIRT1 inhibition is associated with molecular 
characteristics of single genes. We collected the mutational 
and copy number alteration (cna) profiles of forty-three CRC 
cell lines from CCLE and selected 26 commonly altered 
CRC genes [16]. We defined an altered gene status depend-
ent on mutation and/or deletion/amplification and completed 
profiles for MSI and CIMP (Online Resource 3, for selection 
criteria of the 26 genes of interest and definition of gene sta-
tus, see data acquisition section). Additionally, we extracted 
mRNA expression data of the 26 genes of interest, including 

NAMPT, and SIRT1 from CCLE. Interestingly, copy number 
alterations were not consistently associated with changes in 
gene expression (Online Resource 5), suggesting additional 
mechanisms of transcriptional regulation.

We obtained IC-50 values of either NAMPT or SIRT1 
inhibitors (FK866/ Daporinad, EX527/ Selisistat, respec-
tively) from the GDSC project, resulting in 41/43 CCLE 
cell lines screened for FK866, and 39/43 for EX527 (Online 
Resource 3). NAMPT mRNA expression levels of the CRC 
cell lines and their FK866 IC-50 values did not correlate 
(r = − 0.008) (Online Resource 6).

Upon stratification of the CRC cell lines in popula-
tions with or without a respective molecular alteration, we 
assessed whether these features impact on drug sensitivities. 
The total number of CRC cell lines per population and their 
responsiveness to FK866 is summarized in Online Resource 
7. Alterations in the most commonly altered genes APC, 
TP53, KRAS, FBXW7, SMAD4, ACVR2A, MSH6, RNF43, 
BRAF, and MSI had no effect on the cell lines’ vulner-
ability to NAMPT inhibition by FK866 (Fig. 5a–c and 
Online Resource 8a–g). However, mutation and/or deletion 

Fig. 3   c-MYC, NAMPT, SIRT1, and DBC1 are highly expressed in 
tubular adenomas with high-grade intraepithelial neoplasia. Immu-
nohistochemical staining of c-MYC (a), NAMPT (b), SIRT1 (c), and 

DBC1 (d) in tubular adenomas with high-grade intraepithelial neo-
plasia. Original magnification: × 250, inset × 600
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in TGFBR2 and PTEN were significantly associated with 
increased FK866 sensitivities (Fig. 5d, e).

Considering the wide range of FK866 IC-50 values 
(0.001 µM for HTC116 to 13.3 µM for HCC56), we sub-
divided the population in responsive cell lines (IC-50 
FK866 < 0.01 µM, n = 7) and resistant cell lines (IC-50 
FK866 > 1 µM, n = 16). The comparison of FK866 respon-
sive versus resistant CRC cell lines revealed RNF43mut/del 
(low IC-50: 3/7 RNF43mut/del, high IC-50: 3/16 RNF43mut/del, 

p = 0.318), MSI (low IC-50: 3/7 MSI, high IC-50: 2/16 MSI, 
p = 0.142), and BRAFmut/ampl (low IC-50: 6/7 BRAFmut/ampl, 
high IC-50: 6/17 BRAFmut/ampl, p = 0.069) being preferen-
tially present in responsive cell lines (Fig. 5f–h).

A tendency towards increased resistance to EX527 was 
observed for KRAS or TP53 mutant cell lines (Fig. 6b, c), 
while alterations in APC, FBXW7, and SMAD4 were sig-
nificantly associated with increased resistance (Fig. 6a, d, 
e). Increased EX527 sensitivity was significantly associated 

Fig. 4   NAMPT and DBC1 are expressed in sessile-serrated adeno-
mas. Immunohistochemical staining of NAMPT and DBC1 in sessile-
serrated adenomas without intraepithelial neoplasia (a, b), sessile-

serrated adenomas with low-grade intraepithelial neoplasia (c, d), and 
sessile-serrated adenomas with high-grade intraepithelial neoplasia 
(e, f). Original magnification: × 100
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with ACVR2Amut/del, MSH6mut/del, RNF43mut/del, and MSI 
(Fig.  6f–i), with BRAFmut/ampl displaying the same ten-
dency (Fig. 6j). In contrast with FK866, TGFBR2mut/del and 
PTENmut/del did not associate with increased EX527 respon-
siveness (Online Resource 9a, b). The total number of CRC 
cell lines harboring a respective alteration and their respon-
siveness to EX527 is given in Online Resource 10.

MSI CRCs have previously been associated with 
increased SIRT1 expression [5]. Since our data indicated 
that MSI is linked to an increased sensitivity towards 
SIRT1 inhibition, we sorted the 43 CRC cell lines for 
decreasing SIRT1 mRNA expression levels and assigned 
cell lines with MSI or RNF43mut/del (Online Resource 11a). 
MSI and RNF43mut/del cell lines with their EX527 IC-50 
value are depicted in Online Resource 12. We calculated 
the mean SIRT1 expression over all cell lines (mean = 8.33 
RPKM (reads per kilobase per million mapped reads)) and 
determined a low SIRT1 expressing population (SIRT1 
RPKM < mean, n = 25) and a high SIRT1 expressing cell 

population (SIRT1 RPKM > mean, n = 18). High SIRT1 
expressing cell lines were more sensitive towards EX527 
(p = 0.16, Online Resource 11b). Comparing high versus 
low SIRT1 expressing cell lines revealed a significant 
association of RNF43mut/del (low SIRT1: 2/24 RNF43mut/del, 
high SIRT1: 10/18 RNF43mut/del, p = 0.001, Fig. 6k) and 
MSI (low SIRT1: 3/24 MSI, high SIRT1: 10/18 MSI, 
p = 0.006, Fig. 7l) to the high SIRT1 expressing cell lines, 
with the same tendency for BRAFmut/ampl (low SIRT1: 8/24 
BRAFmut/ampl, high SIRT1: 8/18 BRAFmut/ampl, p = 0.531, 
Fig. 6m). Mostly SIRT1 is regulated at the protein level 
[24], whereas here we identified a link between SIRT1 
mRNA expression and MSI. Interestingly, mutations in 
BRAF, MSH6, RNF43, and MSI are characteristics for 
serrated route CRCs [17]. We observed an increased 
sensitivity of cell lines harboring these three alterations 
towards both, FK866 and EX527, suggesting that target-
ing NAMPT or SIRT1 may represent novel therapeutic 
opportunities especially for serrated CRCs.

Fig. 5   FK866 sensitivity of CRC cell lines associates with 
TGFBR2mut/del and PTENmut/del. Comparative database analysis using 
FK866 IC-50 values from GDSC and mutation/ cna data from CCLE. 
Column scatter plot of FK866 IC-50 values plotted against pres-
ence or absence of APCmut/del (a), TP53mut/del (b), KRASmut/ampl (c), 

TGFBR2mut/del (d), and PTENmut/del (e). Mean+/− SEM. *p < 0.05 
(unpaired t test). Stacked bar chart relating low (< 0.01 µM) and high 
(> 1 µM) FK866 IC-50 values to the proportion of cell lines altered in 
RNF43mut/del (f), MSI (g), and BRAFmut/ampl (h)
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Discussion

In the normal mucosa of the colon, c-MYC is limited to the 
proliferative zone in the basal third of the crypts where it is 
essential for intestinal crypt formation [7]. The β-catenin/
TCF-4/LEF1 complex transcriptionally induces c-MYC in 
conventional colorectal adenomas [25] leading to ubiquitous 
expression of c-MYC we observed in all different adenoma 
subgroups. Compared to normal colon mucosa, low-grade 
and high-grade intraepithelial neoplasia display increas-
ingly elevated c-MYC levels, reflecting the role of c-MYC 
in tumor initiation as demonstrated in various mouse models 
(reviewed in [26]). Additionally, increased c-MYC expres-
sion and a high mutation rate of KRAS in tubulovillous, and 
even higher in villous adenomas compared to tubular ade-
nomas suggested that high c-MYC expression and mutant 
KRAS correlate with aggressiveness. Accordingly, c-MYC 
is higher expressed in moderately and poorly differentiated 
carcinomas compared to well-differentiated tumors, which 
is in agreement with the role of c-MYC in tumor progres-
sion [26].

These data are in accordance with previous studies that 
discussed mutant KRAS to contribute to an extension and 
elongation of crypt morphology leading to villous archi-
tecture by enhancing proliferation and/or providing a sur-
vival advantage [27]. KRAS mutation has been suggested 
to induce stem cell-like programs contributing to human 
intestinal cancer initiation [28] and to determine the impact 
of Wnt activity on stemness phenotypes. Furthermore, KRAS 
mutation has also been linked to decreased proliferation and 
senescence [29], putatively explaining why we did not detect 
a statistically significant correlation of the KRAS mutational 
status and c-MYC expression in our collection.

In a previous study, we revealed that in the alternative, 
serrated route to CRC, high c-MYC levels were associated 
with mutant K-Ras or B-Raf, or in a minor fraction, with 
Wnt pathway activation [7]. Increasing high c-MYC expres-
sion levels characterized serrated lesions irrespective of the 
histologic subtype, or of the side of localization [7]. Our 
data presented here suggest that enabling c-MYC activation, 
either transcriptionally by deregulation of Wnt signaling, or 

post-transcriptionally through oncogenic K-Ras or B-Raf, is 
an early event in both the classical route, as well as in the 
serrated route to CRC. As a result, all CRC subtypes, irre-
spective of the initial molecular alteration, are characterized 
by a c-MYC-target gene signature [16].

Integrating our previous finding of elevated SIRT1 
expression in conventional CRCs [4], we now document, 
that already early tumor lesions are characterized by high 
SIRT1 expression. High expression of SIRT1 in CRCs has 
been linked to an MSI and CpG methylation phenotype, 
associated with bad prognosis, expression of the stem cell 
marker CD133, EMT, and metastasis [5, 30, 31]. In early 
adenomas, deregulation of c-MYC may lead to TP53 acti-
vation [32]. However, the concomitant induction of SIRT1 
may prevent a full blown TP53 response, thus antagonizing 
apoptosis and senescence, and allowing for permanent pro-
liferation [4]. Therefore, collaboration of elevated c-MYC 
and SIRT1 in conventional and serrated lesions may promote 
cell survival and tumor progression by supporting c-MYC 
function and blocking pro-apoptotic pathways through the 
SIRT1 feedback [4].

As we have shown previously, c-MYC induces SIRT1 
which is accompanied by the activation of NAMPT, an ele-
vated production of the SIRT1 cofactor NAD+ by NAMPT, 
and by sequestration of the endogenous SIRT1 inhibitor pro-
tein DBC1/CCAR2 [4]. Here, we demonstrated that NAMPT 
is expressed in all conventional adenomas and serrated 
lesions with a more accentuated expression in the cytoplasm 
in basal areas and a more nuclear localization in apical parts, 
and high-grade areas. Expression of NAMPT is more abun-
dant in the cytoplasm in proliferating cells, than in arrested 
or differentiated cells, where it is predominantly localized in 
the nucleus [33]. This points to a cell cycle-dependent sub-
cellular localization of NAMPT in non-transformed cells. In 
high-grade areas of CRC tissue, however, nuclear NAMPT 
may reflect increased local NAD+ needs presumably due to 
a higher activity of NAD+ consuming nuclear SIRT1 and 
PARP1 enzymes (reviewed in [34]).

Despite the differential sub-cellular localization, we 
found no evidence for an upregulation of NAMPT in colo-
rectal adenomas above the already high expression in the 
normal mucosa. It was expressed along the whole crypt in 
the normal colon. High NAMPT expression at the top of the 
crypts in the intestine may be the consequence of hypoxic 
conditions, along with the HIF1α activation in this area [35], 
and the transcriptional induction of NAMPT by HIF1α [36]. 
It is therefore conceivable, that high NAMPT expression 
in intestinal villi reflects specific metabolic needs of cells 
in these hypoxic areas. Together, these observations sup-
port a function of NAMPT normal intestinal epithelial cell 
homeostasis in humans, which is in agreement with a previ-
ous report analyzing nampt deficiency in mice [37].

Fig. 6   EX527 sensitivity of CRC cell lines associates with 
RNF43mut/del, MSI, and high SIRT1 mRNA expression. Comparative 
database analysis using EX527 IC-50 values from GDSC and muta-
tion/ cna/ RNA expression data from CCLE. Column scatter plot of 
EX527 IC-50 values plotted against presence or absence of APCmut/del 
(a), TP53mut/del (b), KRASmut/ampl (c), FBXW7mut/del (d), SMAD4mut/del 
(e), ACVR2Amut/del (f), MSH6mut/del (g), RNF43mut/del (h), MSI (i), and 
BRAFmut/ampl (j). Mean+/− SEM. *p < 0.05 (unpaired t test). Stacked 
bar chart relating low SIRT1 expressing (RPKM < mean, n = 25) or 
high SIRT1 expressing (RPKM > mean, n = 18) cell lines to altera-
tions in RNF43mut/del (k), MSI (l), BRAFmut/ampl (m). Mean SIRT1 
RPKM was calculated over all cell lines (mean = 8.33 RPKM, see 
also Online Resource 11). *p < 0.05 (Fisher’s exact test)

◂
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As we have shown before, upon c-MYC deregulation, the 
DBC1/c-MYC protein interaction leads to sequestration of 
DBC1 from binding to SIRT1 [4]. In agreement with this, 
binding of DBC1 to SIRT1 is weak or absent in tumor cells 
[38]. We asked, whether reduced DBC1/CCAR2 expression 
may also support pro-tumorigenic SIRT1 functions. How-
ever, according to our results regulation of DBC1 expression 
does not contribute to SIRT1 activation in adenomas.

FK866, an inhibitor of NAMPT, leads to ATP depletion 
and cell death in a broad spectrum of cancer cell lines. Initial 
clinical trials revealed dose-limiting side effects, urging for 
chemical improvement of NAMPT inhibitors (reviewed in 
[10]) and stratification of patients according to predictive 
markers. In contrast, despite intensive in vitro and pre-clin-
ical analyses, and the demonstration that SIRT1 inhibition 
may represent a therapeutic strategy for eliminating cancer 
stem cells and overcome drug-resistance [39, 40], SIRT1 
inhibitors have not been tested in clinical trials for cancer 
therapy so far.

Since CRC cell lines have recently been shown to mir-
ror the genomic profile of primary CRCs [12, 20], they are 
valuable resources for pre-clinical drug studies. System-
atic screening of large pharmacological anti-cancer drug 
libraries (GDSC) allowed the integration of heterogeneous 
molecular data collected by CCLE with drug responses. The 
machine learning approach developed by Iorio et al. most 
reliably predicted drug responses based on (tissue specific) 
gene expression [12]. However, genomic profiling of clinical 
cancer patients so far relies on mutations and copy number 
alterations of mostly cancer-related genes. In our study, we 
integrated the mutational profile of cancer-related genes and 
their copy number information using CRC cell lines as pre-
clinical models.

Thereby, we identified inactivating mutations and dele-
tions in TGFBR2 and PTEN being significantly associated 
with FK866 sensitivity. Correspondingly, activating muta-
tions in PIK3CA were also linked to lower IC-50 values, 
albeit not to a significant degree. TGFBR2 mutations are 
frequently detected and linked to MSI in colon cancer, indi-
cating that sensitivity may be higher in cell lines derived 
from the serrated route CRC [41]. Mutations in TGFBR2 
abrogate anti-proliferative TGFβ signaling and prevent 
SMAD4 to transcriptionally repress c-MYC [42]. Likewise, 
loss of PTEN results in increased c-MYC abundance through 
aberrant signaling of the growth and survival kinase PI3K 
[43]. Thus, alterations in TGFBR2, PTEN, and PIK3CA col-
lectively contribute to elevated c-MYC levels, and putatively 
to increased NAMPT and SIRT1 activity [4] rendering them 
more vulnerable to inhibition, as our data have revealed for 
SIRT1. FK866 sensitizing mutations in PTEN or TGFBR2 
were both detected in approximately ~ 20% of CRC cancer 
cell lines. In a collection of 981 primary and metastatic 
colorectal adenocarcinomas, their mutation frequency is 

lower (8% (PTEN), 4% (TGFBR2)) (MSK-IMPACT Clini-
cal Sequencing Cohort) [44], suggesting that approximately 
12% of CRC patients may qualify for therapeutic interfering 
with NAMPT function.

High concentrations of EX527 also inhibit SIRT2 and 
SIRT3. It has been shown that SIRT1 inhibition alone does 
only have minor effects on cell growth, while the combined 
inhibition of SIRT1 and SIRT2 performs better [45]. Indeed, 
IC-50 values of the assessed CRC cell lines were gener-
ally > 100 µM, implying that the EX527 effects probably 
result from combined inhibition of SIRT1 and other sirtuins. 
We found that sensitivity towards SIRT inhibition was con-
ferred by molecular alterations in ACVR2A, MSH6, RNF43, 
and MSI. These alterations were also preferentially found 
in the highly sensitive population during NAMPT inhibi-
tion. Again, somatic alterations in RNF43, MSH6, and MSI 
specify the serrated route CRC subtype. In agreement with 
this, a significant resistance to EX527 was associated with 
mutant APC, characterizing the majority of classical route 
CRC. The reason for increased sensitivity of serrated route 
CRC cells however remains unclear since no direct link 
between components of the feedback loop and any of the 
identified markers is known. Similarly, it was unexpected 
that cell lines representing potential descendants from ser-
rated route tumors with high MSI, which typically have bad 
response rates to therapies and a better prognosis than MSS 
tumors were specifically sensitive towards NAMPT and 
SIRT1 inhibitors. However, single predictor associations 
often produce unexplainable relations of gene alterations and 
drug responsiveness, as the interaction between biological 
pathways and components is neglected. Consequently, there 
is a need for more accurate models that take this interplay 
into account.

Taken together, we provide evidence that the 
c-MYC–NAMPT–SIRT1 positive feedback loop is involved 
in the development of the two main pathways to colorectal 
carcinoma, the conventional adenoma–carcinoma sequence, 
and the alternative, serrated pathway. Its presence in early-
stage human colon adenomas points to a potential involve-
ment in driving neoplasia. Thereby, oncogenic functions 
of c-MYC and properties of SIRT1, such as antagonizing 
apoptosis and senescence, supporting c-MYC function and/
or epigenetic regulation may contribute to tumorigenesis. 
According to our database analyses of pharmacogenomics, 
the components of the feedback loop are necessary for the 
maintenance of CRC and may represent novel targets for 
future therapies, being admitted as monotherapy or as com-
bination therapy. Most importantly, the molecular markers 
associated with therapy responsiveness and resistance may 
aid patient stratification for future clinical trials.
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